A conserved hairpin-like structure comprised of a signal peptide and early mature region initiates protein transport across the SecY or Sec61α channel in Bacteria or Archaea and Eukarya, respectively. When and how this initiator substrate hairpin forms remains a mystery. Here, we have used the bacterial SecA ATPase motor protein and SecYEG channel complex to address this question. Engineering of a functional miniprotein substrate onto the end of SecA allowed us to efficiently form ternary complexes with SecYEG for spectroscopic studies. Förster resonance energy transfer mapping of key residues within this ternary complex demonstrates that the protein substrate adopts a hairpin-like structure immediately adjacent to the SecA two-helix finger subdomain before channel entry. Comparison of ADP and ATP-γS-bound states shows that the signal peptide partially inserts into the SecY channel in the latter state. Our study defines a unique preinsertion intermediate state where the SecA two-helix finger appears to play a role in both templating the substrate hairpin at the channel entrance and promoting its subsequent ATP-dependent insertion.
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protein transport | FRET mapping | Sec system P rotein transport into and across the plasma membrane of Archaea and Bacteria or the endoplasmic reticular membrane of Eukarya occurs through a universally conserved proteinconducting channel termed the SecY or Sec61 complex, respectively [reviewed in Park and Rapoport (1) ]. These channels display remarkably similar hourglass-shaped structures that are doubly gated: they open vertically to allow protein transport across the membrane or open laterally to allow insertion of integral membrane proteins into the lipid bilayer (2) (3) (4) (5) (6) (7) (8) (9) (10) . The SecYEG channel consists of 15 transmembrane helices with a short helical region that blocks the channel, referred to as the plug domain. Vertical opening is accomplished at least in part by rearrangement of the plug domain of SecY/Sec61α to open the channel interior, while lateral opening requires transverse movement of SecY/Sec61α helices that reside at the lateral gate to create a path for exit from the channel interior into the lipid bilayer.
Substrate proteins can initiate their transport either cotranslationally or posttranslationally depending on a given substrate and organism. For cotranslational transport, the signal recognition particle and its receptor promote the targeting of appropriate nascent chain-bearing polysomes to the channel complex, while for posttranslational transport species-specific proteins are responsible for such targeting. In many cases, a signal sequence located at the N terminus of the substrate protein contains information regarding the ultimate location of the protein and is needed for translocation. The degree of hydrophobicity of this signal sequence appears to control which of these two pathways is used (11, 12) .
In Bacteria, SecA protein recognizes both signal peptides and SecY protein, and serves to target secretory preproteins to the SecY complex (13) . SecA is a multidomain protein with two ATP binding domains (NBD-1, NBD-2), a preprotein cross-linking domain (PPXD) named for its ability to cross-link to preprotein substrates (14) , central helix (CH) and two-helix finger (THF) subdomains, as well as helical wing domain (HWD) and carboxylterminal linker (CTL) domains (Fig. 1) . As an ATPase motor protein, SecA uses ATP-driven hydrolytic cycles to promote domain movements required for substrate protein insertion into the SecY channel as well as subsequent processive protein transport through the channel. Several models of SecA action have been proposed [summarized in Kusters and Driessen (15) ]; however, the precise mechanism of SecA-driven protein transport has yet to be fully elucidated. Recent structural and biochemical analysis have suggested that the THF subdomain located in the central region of SecA potentially acts as a molecular ratchet driving substrate proteins into the SecY channel (16, 17) (Fig. 1) .
Protein transport occurs via a loop model in which the signal peptide and early mature region of the preprotein form a hairpinlike structure within the membrane to initiate the transport process (18, 19) . In this topology, the signal peptide remains relatively fixed, while the polypeptide region that follows is processively threaded across the membrane to accommodate increasing larger translocation intermediates. A recent X-ray structure has visualized this substrate protein hairpin within the SecY complex and found that the signal peptide resides in a groove immediately outside of the lateral gate, while the early mature region resides within the channel proper (10), augmenting earlier electron cryomicroscopy studies where only the signal sequence was visible (5-7).
Previously, we used Förster resonance energy transfer (FRET)-based methods to map the location of the SecA signal peptidebinding site using chimeras containing SecA and the alkaline phosphatase (PhoA) or lambda receptor variant (KRRLamB) signal peptides (20, 21) . We found that the signal peptide interacts Significance Specialized protein complexes transport and integrate peptides into membranes in all living cells. Protein transport within the universally conserved Sec system requires the formation of an initiator protein substrate hairpin comprised of the signal peptide and adjacent region. Fundamental questions remain regarding when and how this hairpin structure forms. Here, we show that the SecA two-helix finger templates the hairpin within the preformed SecYEG-bound SecA complex prior to its insertion into the SecY channel. In addition to capturing a novel preinsertion intermediate state, our study expands the role of the SecA two-helix finger, which has previously been suggested to be an ATP-powered ratchet that drives cycles of protein transport.
with both the PPXD and THF subdomain and adopts a parallel binding orientation along the long axis of THF mimicking the location of the carboxyl-terminal tail of SecA in the Bacillus subtilis X-ray crystal structure (shown in red, Fig. 1 ). We also demonstrated that the lambda receptor signal peptide, KRRLamB, bound to SecA in the same location and orientation as its PhoA counterpart, indicative of a common binding site and orientation (21) .
In this report, we have used a similar approach to address a critical and unresolved question concerning the initiation of protein transport in the SecA-SecYEG complex: Does the protein substrate hairpin-like structure that initiates protein transport form before or after insertion of the substrate into the membrane? We now report that the hairpin-like structure forms and binds to the SecA THF subdomain before entry into the SecY channel. Given the importance of the substrate hairpin loop in channel activation, templating of the hairpin before channel insertion may be a conserved mechanism for the cotranslational protein transport pathway as well.
Results
To determine the location of the signal peptide and early mature region of the protein substrate within the purified SecYEGbound SecA complex, we used our genetically engineered SecAPhoA chimeras and FRET mapping approach as reported previously (21) . We have demonstrated that the SecA and PhoA signal peptide portions of the chimera were functional in vivo and in vitro, and that the attached PhoA signal peptide bound specifically to SecA at the previously mapped binding site (20) . In the present study, a longer chimera was created in a similar manner by genetically fusing the PhoA substrate to SecA in which we removed the dispensable carboxyl-terminal 67-residue linker domain of SecA and replaced it with a short glycine-serine linker followed by the first 68 residues of PhoA. The PhoA portion contained the 21-residue signal peptide and an additional 47 residues of the early mature region terminated by a hexahistidine tag (Table S1 ). To achieve differential labeling between SecA and PhoA, dye labels were introduced into the PhoA portion of the chimera by in vivo incorporation of azidophenylalanine at engineered amber codons followed by protein purification and dye incorporation at these sites using click chemistry (22) . In contrast, labeling of selected residues within SecA or SecY was achieved by genetically engineering unique cysteine residues and labeling them using maleimide chemistry. Efficient assembly of the relevant PhoA substrate-bound SecASecYEG complex was improved by this approach, as it ensures a one-to-one stoichiometry of bound substrate to SecA-SecYEG complex, and avoids solubility issues associated with high concentrations of free substrate peptides or their premature folding or aggregation in the case of larger protein substrates (20) .
To capture an early intermediate in the transport process, we chose to use n-dodecyl-β-D-maltopyranoside (DDM)-solubilized SecYEG protein for our study, since SecA binds this form of SecYEG with high affinity and the binding stimulates SecA ATPase activity (23, 24) . In addition, this system is comparable to that used in the Thermotoga maritima SecA-SecYEG X-ray cocrystal structure (16), which we use for modeling our results. Robust site-specific in vivo photo-cross-linking has demonstrated that the Escherichia coli SecA-SecY complex is structurally similar to its T. maritima counterpart (25) . By avoiding the use of a SecYEG-containing proteoliposome system, we further simplified our approach and mitigated concerns over a mixed topology of SecYEG protein within the bilayer, its potential for dimerization, or that a fraction of SecA might bind solely to phospholipids using its known lipid-binding activity.
To track the location of the signal peptide and early mature region of the protein substrate in the SecA-SecYEG complex, we introduced dye labels periodically along its length ( Fig. 2A) . We selected residues at the beginning and end of the signal peptide (residues 2 and 22, respectively) as well as at two positions within the early mature region (residues 37 and 45). We avoided placing a dye within the hydrophobic core of the signal peptide, since we found previously that it perturbed SecA signal peptide binding (20) . To accurately map the location of the protein substrate, we also introduced dye labels at three distinct locations in the SecA-SecYEG complex: two within SecA, located within the NBD-1 and the PPXD, and one within SecYEG (shown as spheres in Fig. 2 D and E). The residues selected for labeling the SecA-SecYEG complex needed to satisfy several criteria: (i) be structurally well distributed throughout the complex but within accurate range for FRET measurements, (ii) be surface accessible for good labeling efficiency, and (iii) reside near the ends of well-structured regions for greater accuracy in distance determinations with minimal structural and functional perturbations. As the three residues chosen (SecA37, SecA321, and SecY292) are positioned in distinct regions of the complex, the location of the signal peptide and early mature region on the SecA-SecYEG complex in the presence of either ADP or ATP-γS could be determined from the measured distances (Fig. 2) .
To ensure that both SecA and SecYEG were in their monomeric forms and avoid interprotomer FRET, a buffer system containing 300 mM KCl and 0.1% DDM was used. At this salt concentration, less than 3% of SecA dimer was detected (26) , while SecYEG dimer was undetectable at this detergent concentration (27) . SecA affinity for exogenous PhoA signal peptide or an extended signal peptide that also contained the early mature region was ∼2 μM at this salt concentration similar to previous reports (20) (Fig. S1A) . SecA also bound SecYEG with They include (N-terminal to C-terminal on SecA): the nucleotide-binding domain-1 (NBD-1) (blue), the preprotein cross-linking domain (PPXD) (gold), the nucleotide-binding domain-2 (NBD-2) (light blue), the central helix subdomain (CH) (green), the helical wing domain (HWD) (dark green), the two helix-finger subdomain (THF) (cyan), and the carboxyl-terminal linker (CTL). The CTL is depicted in red and serves as a model of PhoA signal peptide bound to B. subtilis SecA based on the FRET mapping study of Zhang et al. (21) .
high affinity in this buffer system with a K d of 6 nM (Fig. S1B ) similar to previous measurements where the complex was shown to consist almost entirely of SecA monomers bound to SecYEG at this salt concentration (28) . As expected, the ATPase activity of our various dye-labeled SecA-PhoA chimeras increased in the presence of SecYEG, exhibiting a range of activity from 30 to 160%. We have shown previously that the presence and position of dyes within SecA can affect ATPase activities without necessarily compromising function (20) . In addition, we found that the various SecA-PhoA chimeras bound SecYEG with roughly similar affinities based on the similar strength of the FRET signals (see below as well as in SI Materials and Methods).
By using four positions on PhoA ( Fig. 2A) and three positions on the SecA-SecYEG complex, we measured 12 different distances to position the PhoA substrate within the complex. To observe membrane-retracted or membrane-inserted states of SecA, spectra were collected in the presence of ADP or ATP-γS, respectively ( Fig. S2) (29) . For two sets of these measurements, the acceptor dye was located on the SecA portion of the chimera (residue 37 or 321 shown as violet or magenta spheres, respectively; Fig. 2 D and E) , and the donor dye was located on the PhoA portion of the chimera. In the third set of measurements, the donor dye was on SecY adjacent to its plug domain (residue 292 shown as a cyan sphere, Fig. 2 D and E) , and the acceptor dye was located on the PhoA portion of the chimera. Representative steady-state fluorescence spectra from a doubly labeled system are shown in Fig. 2B and demonstrate visually that the highest transfer efficiencies (lowest donor intensities) were observed for the dye located at PhoA residue 22 of the chimera, while the lowest transfer efficiencies (highest donor intensities) were observed for the dye located at PhoA residue 2. Fluorescence spectra of doubly labeled species from all three locations exhibited similar trends where the measured efficiencies were not linearly proportional to the distance of the label from the start of PhoA in the chimera, consistent with the formation of a hairpin loop (Fig. S2) .
Energy transfer efficiencies were also determined using timeresolved fluorescence spectroscopy to verify the homogeneity of the transfer (Fig. 2C) . Donor-only spectra were obtained in the presence of unlabeled proteins to control for any quenching associated with SecA-SecYEG complex formation. Analysis of these decays yielded one dominant lifetime, consistent with only one species participating in energy transfer for a given donor-acceptor pair. The presence of the acceptor reduced the donor lifetime, indicative of energy transfer (Fig. 2C and Fig. S3) , and the calculated efficiencies were in excellent agreement with steady-state measurements (Tables S2-S5). The steady-state FRET efficiencies (Tables S2-S4 ) are all within the linear efficiency range of the dye pairs used (0.2-0.8).
The determined distances have a larger error than that obtained experimentally for the efficiencies alone to account for the error introduced by the uncertainty in dye position as determined from steady-state anisotropy values (21, 30, 31) . Using this information, we could position the signal peptide and early mature region of PhoA within the SecA-SecYEG complex. To do this, we considered each of the three distances measured between a given PhoA residue and their corresponding FRET partner on either SecA or SecY as a radius for a spherical shell (Fig. S4) . The intersecting region of the three shells defined the position of a given PhoA residue within the complex, where the width of each shell corresponded to our uncertainty in the distance (Tables S2-S4 ). Thus, in Fig. 2 D and E, the mapped location of the second residue of the PhoA signal peptide (PhoA2) is shown in blue. Similarly, the mapped regions for PhoA residues 22 (PhoA22), 37 (PhoA37), and 45 (PhoA45) are shown in green, yellow, and red, respectively. There is considerable overlap of the PhoA22, PhoA37, and PhoA45 regions, which is shown in olive, while overlapping regions of PhoA37 and PhoA45 are shown in orange. In the ADP-bound form (Fig. 2D) , the region mapped to PhoA2 is located mainly on the HWD and lies at the end of the THF farthest from the mouth of the channel. In contrast, the regions mapped solely by PhoA22, shown in green, are primarily found positioned on the loop of THF and lie directly over the mouth of the channel, poised for translocation. The PhoA22 region also maps to one of the helices of the THF along with the regions defined by PhoA37 and PhoA45. This finding supports a model in which the PhoA37 and PhoA45 residues are close to each other in space and are sandwiched in between PhoA22 and PhoA2. This spatial distribution strongly points to the PhoA signal peptide and early mature region forming a hairpin-like structure immediately adjacent to and paralleling the SecA THF subdomain (Fig. 2 D and  E) . The hairpin loop corresponding to the junction between the end of the signal peptide (PhoA22) and the beginning of the early mature region is formed at the mouth of the channel while the ends of the hairpin (PhoA2 and PhoA45) lie at the end of the THF near to the wing domain, far from the channel mouth. The relatively large area defined by the PhoA2 FRET measurements suggests the N-terminal end of the signal peptide is fairly flexible.
In the ATP-γS-bound state (Fig. 2E) , the regions defined solely by PhoA22 (shown in green) primarily map to SecYEG and the top of channel. Exclusive mapping is observed at the top (cytosolic side) of SecY on TM3 and TM10 as well as TM1 of SecE. The loop or tip of the finger is also mapped to PhoA22 only. These results are in excellent agreement with increased insertion of substrates into the channel in the ATP-bound state (32, 33) and are consistent with the highest transfer efficiencies observed between the PhoA22 and SecY292 FRET pair in the presence of ATP-γS (Fig. 2C and Fig. S2B ). The regions mapped by PhoA37 and PhoA45 remain along the THF and the CH subdomains as well as the C terminus of SecY (often termed the C6 cytosolic domain of SecY). The relative progression and orientation of the signal peptide and early mature region within the SecA-SecYEG complex can be visualized along the THF, in which the color change from green to red (green, olive, yellow, orange, red) signifies mapping of the regions from PhoA22 to PhoA45. The more orderly structure of the substrate in its ATP-γS-bound versus ADP-bound state suggests that it becomes more templated for translocation upon ATP binding. Although there is still considerable flexibility at the substrate ends as shown by their relatively large mapped areas, we note that these two regions, PhoA2 and PhoA45 (blue and red, respectively), are proximal to one another and far from the channel entry. Taken together, these findings strongly support a model where formation of the initial substrate hairpin is templated by the THF subdomain before its insertion into the channel.
Comparison of our result with the recent X-ray structure of the SecA-SecYEG complex with substrate inserted into the channel (10) (Fig. S5) clearly suggests that our complex represents a preinsertion intermediate state, while the latter structure represents a more mature, postinsertion, translocation-intermediate state. Remarkably, the signal peptide and early mature regions of the substrate adopt similar hairpin-like structures in both cases despite the fact that they are different substrates and were fused to SecA very differently: the OmpA signal peptide and early mature region were inserted at the end of the THF finger in the Li et al. (10) X-ray structure, while in our study the PhoA peptide was fused onto the C-terminal end of SecA. The similar nature of the results strongly implies that the initial substrate hairpin-like structure preexists outside of the SecYEG channel, is nucleated and/or stabilized by the assembled SecA-SecYEG complex, and is a conserved and fundamental unit for initiating transported protein substrates.
As shown in Fig. 3 , we have used the OmpA signal peptide and early mature region hairpin (depicted in pink) from the Li et al. structure to model the location of its PhoA counterpart (depicted in cyan) in the preinsertion state. To generate this structure, the structurally unaltered OmpA hairpin was modeled into our FRET-identified locations. The relative accuracy of the proposed structure can be assessed by comparing specific locations along the OmpA hairpin with their mapped PhoA counterparts. As shown in Fig. 3B , the residues at positions 2 (Lys), 22 (Tyr), and 37 (Gly) of the OmpA hairpin are shown in blue, green, and yellow, respectively, and they match up exactly with the regions identified by our FRET measurements. Although the OmpA peptide is truncated at position 41, if it were extended, the additional segment would completely agree with our predicted position for PhoA45. In fact, the unstructured C-terminal end of SecY (which lies parallel to the unstructured region of the OmpA hairpin) also provides a model demonstrating how the early mature region of the peptide substrate could be binding within this region. The modeled-in hairpin structure further illustrates how the regions defined by PhoA2 and PhoA45 lie proximal to one another and distal from the channel opening. The excellent agreement observed between the structure of the OmpA signal peptide and early mature region and our FRET-based predictions further supports a model in which the initial substrate hairpin is templated along the THF before insertion into the channel.
Discussion
The major goal of our study was to determine the location of the amino-terminal portion of the substrate protein within the SecA-SecYEG complex in a preinsertion state. Previously, it was unclear (i) whether SecA contains two distinct signal peptidebinding sites: one for initial recognition by SecA in solution and another for later use within the SecA-SecYEG complex, (ii) whether SecA also contains a region for binding the early mature region of the substrate that is distinct from its signal peptidebinding site(s), and (iii) whether the initial substrate hairpin-like structure that is requisite for the initiation of protein transport forms before or concurrent with substrate entry into the channel. Our study satisfactorily addresses all three questions. In particular, we have visualized a unique preinsertion intermediate state before the deeper penetration of substrate into the channel proper. In this unique form, the signal peptide and early mature region of the substrate form a hairpin-like conformation lying along the SecA THF subdomain with their two structures in approximate register. The agreement between the PhoA and OmpA (shown in Fig. 3 ) substrate topologies is striking and attests to the presumably universal nature of the hairpin conformation for substrate entry into the Sec-dependent protein transport pathway. Our results expand the proposed function of the THF subdomain as a molecular ratchet (16, 17) , suggesting that it first serves to template the substrate into a hairpin for subsequent entry into the channel (Fig. S6) .
Our results suggest an obvious model where the THF and adjacent regions form two conjoined substrate-binding sites: one for the signal peptide and another for the early mature region that lie on opposite sides of the finger (shown in Fig. 3 A and B,  respectively) . We note that the first site coincides with our previously mapped solution state SecA-signal peptide-binding site (20) (Fig. 1) , indicating this portion of the substrate does not reposition itself after SecYEG association. We also note that both sites have potential alternative binding partners in the absence of substrate, namely the C-terminal end of SecA (shown in red in Fig. 1 ) for the signal peptide-binding site and the C-terminal end of SecY (shown in FRET-mapped colors in Fig.  3B ) for the early mature region-binding site. It appears likely that these alternative partners occupy these sites in the absence of substrate and potentially play regulatory roles in controlling substrate binding or channel insertion based on the existing literature (21, 34, 35) .
The identification of an early mature region-binding site within SecA provides a structural handle to potentially understand how substrates with defective or missing signal peptides are accommodated for transport in certain Sec (Prl) mutants or why substitutions of multiple positively charged amino acid residues within the early mature region of substrates (so-called Secavoidance sequences) strongly inhibit their transport (36, 37) . Regarding the proofreading activity of the translocon, we note that the existence of a preinsertion intermediate state that is linked to the SecA ATP binding and hydrolysis cycle allows the SecA-SecYEG complex to "scan" the substrate during the templating process and potentially "reject" it in a more readily reversible fashion than later on when the substrate has inserted into the channel proper. Our results imply that both formation of the proper SecA-SecYEG complex and correct placement of the substrate loop within it would be required for activation of SecA ATPase and SecA-SecYEG proofreading activities. The ADP and ATP-γS-bound preinsertion states depicted here could represent good working models of such proofreading steps, which have remained elusive.
Our data also point to the importance of the CH of SecA in binding and positioning the tip of the hairpin (PhoA22, green, Fig. 2D ) adjacent to the channel opening, particularly in the ADP-bound state. Previous work has demonstrated the importance of this region of SecA for coupling its ATPase activity to substrate translocation (38) . In this context, substrate contact with one end of the remarkably long CH subdomain, which is also in contact with NBD-1, NBD-2, and SecY protein, could provide the appropriate signaling for activation of SecA translocation ATPase activity and its coupling to substrate translocation. The role of the CH subdomain in potentially integrating these different events now deserves further study.
The preinsertion complex visualized in our study extends the SecA power stroke or ratchet model that relies on the THF subdomain for positioning and pushing substrate into and across the SecY channel in a processive manner powered by the SecA DEAD ATPase motor (discussed with references in ref. 15) . The ADP and ATP-γS-bound states characterized here indeed depict modest movement of the substrate into the channel, but are clearly insufficient to explain the observed ∼20-aa step size for substrate transport during a single ATP turnover cycle. However, step size may differ significantly for the SecA-SecYEG complex in its preinsertion versus postinsertion states. In addition, protein translocation in this system appears to use both SecA-dependent pushing and Brownian motion-dependent sliding to achieve efficient transport (33) . Since the mobility and role of the THF subdomain in protein transport remain controversial (39, 40) , additional studies will be required to resolve this matter. Further studies can now address the biochemical and structural requirements needed to transition from the preinitiation to postinitiation states. In that regard, our FRET-based mapping methodology that makes use of functional protein chimeras coupled with site specific dye labeling provides a compelling approach to address this problem. Fig. 3. (A) FRET-mapped regions projected on the B. subtilis SecA-Geobacillus thermodenitrificans SecYE cocrystal structure (PDB ID code 5EUL). SecA is shown in light gray, SecYE is in dark gray, and the OmpA peptide substrate inserted at the end of the THF is shown in pink. For clarity, the nanobody crystallized with the complex has been omitted (10) . Generation of FRET-mapped regions and their associated colors in the presence of ATP-γS was done as described in Fig. 2 . Circled in red is the peptide substrate (residues 749-791) (shown in cyan) excised from the original 5EUL PDB structure and modeled into the mapped regions without any alteration of the original structure. (B) Enlarged view of the modeled peptide (cyan) and mapped locations. Residues 2 (Lys), 22 (Tyr), and 37 (Gly) of the OmpA peptide are shown in a stick representation in blue, green, and yellow, respectively, and exhibit excellent agreement with the PhoA-mapped locations. Note the adjacent C-terminal portion of SecY discussed in the text.
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Materials and Methods
Construction, Expression, and Purification of SecA, SecA-PhoA Chimeras, and SecYEG Proteins. A series of E. coli SecA mutants or SecA-PhoA chimeras were constructed as described in Table S1 (41) and was used as the host for all SecA-or SecA-PhoA-containing plasmids. Expression of SecA or SecA-PhoA mutants requiring incorporation of H-4-azido-Phe-OH at amber codons used the pEVOL-pAzF plasmid along with the appropriate pT7SecA or pT7SecA-PhoA plasmid (22) in E. coli BLR(λDE3). C43(DE3) [ompT hsdSB (r B − m B −) gal dsm (λDE3)] was used as the host for all SecYEG-containing plasmids. Expression and purification of SecA, SecA-PhoA chimeras, and SecYEG proteins are described in the SI Materials and Methods and are shown in Fig. S7 .
Fluorescence Measurements. Steady-state fluorescence spectra were collected on a Fluoromax 4 (Horiba) spectrofluorometer. Time-resolved fluorescence decays were collected by the time-correlated single-photon counting method (PTI Timemaster) using a 490-nm LED laser (rep rate, 180 kHz). Acquisition and analysis details are given in SI Materials and Methods.
SecA ATPase Activity. SecA ATPase activity was measured for all of the chimeras and was determined by the Malachite green method with the modifications described previously (20) . In addition to using conventional inverted membrane vesicles, we used purified SecYEG protein and high-salt TKM buffer with 0.1% DDM in our assay. The PhoA portion of the SecAPhoA chimera served as the substrate protein in lieu of additional proOmpA for measurements performed with the chimera.
